The cytokinin class of plant hormones plays key roles in regulating diverse developmental and physiological processes [1] . Arabidopsis perceives cytokinins with three related and partially redundant receptor histidine kinases (HKs): CRE1 (the same protein as WOL and AHK4), AHK2, and AHK3 (CRE-family receptors) [2] [3] [4] [5] . It is suggested that binding of cytokinins induces autophosphorylation of these HKs and subsequent transfer of the phosphoryl group to a histidine phosphotransfer protein (HPt) and then to a response regulator (RR), ultimately regulating downstream signaling events [6, 7] . Here we demonstrate that, in vitro and in a yeast system, CRE1 is not only a kinase that phosphorylates HPts in the presence of cytokinin but is also a phosphatase that dephosphorylates HPts in the absence of cytokinin. To explore the roles of these activities in planta, we replaced CRE1 with mutant versions of the gene or with AHK2. Replacing CRE1 with CRE1(T278I), which lacks cytokinin binding activity [8] and is locked in the phosphatase form, decreased cytokinin sensitivity. Conversely, replacing CRE1 with AHK2, which favors kinase activity, increased cytokinin sensitivity. These results indicate that in the presence of cytokinins, cytokinin receptors feed phosphate to phosphorelay-integrating HPt proteins. In the absence of cytokinins, CRE1 removes phosphate from HPt proteins, decreasing the system phosphoload.
The cytokinin class of plant hormones plays key roles in regulating diverse developmental and physiological processes [1] . Arabidopsis perceives cytokinins with three related and partially redundant receptor histidine kinases (HKs): CRE1 (the same protein as WOL and AHK4), AHK2, and AHK3 (CRE-family receptors) [2] [3] [4] [5] . It is suggested that binding of cytokinins induces autophosphorylation of these HKs and subsequent transfer of the phosphoryl group to a histidine phosphotransfer protein (HPt) and then to a response regulator (RR), ultimately regulating downstream signaling events [6, 7] . Here we demonstrate that, in vitro and in a yeast system, CRE1 is not only a kinase that phosphorylates HPts in the presence of cytokinin but is also a phosphatase that dephosphorylates HPts in the absence of cytokinin. To explore the roles of these activities in planta, we replaced CRE1 with mutant versions of the gene or with AHK2. Replacing CRE1 with CRE1(T278I), which lacks cytokinin binding activity [8] and is locked in the phosphatase form, decreased cytokinin sensitivity. Conversely, replacing CRE1 with AHK2, which favors kinase activity, increased cytokinin sensitivity. These results indicate that in the presence of cytokinins, cytokinin receptors feed phosphate to phosphorelay-integrating HPt proteins. In the absence of cytokinins, CRE1 removes phosphate from HPt proteins, decreasing the system phosphoload.
Results and Discussion

Isolation of Suppressor Mutants of wooden leg
The root vasculature originates from procambium cells within the root tip. It consists of xylem, phloem, and intervening parenchymous cells that may later contribute to secondary growth. The xylem is composed of protoxylem and metaxylem. Protoxylem forms earlier than metaxylem and has characteristic cell-wall thickenings. Cytokinins are negative regulators of protoxylem differentiation. Either a decrease in cytokinin levels in the procambium or a disruption of cytokinin signaling causes all vascular cells to differentiate into protoxylem cells [9] .
Although disruption of the CRE1 gene via T-DNA insertion does not affect plant growth or development, certain mutations within the CRE1 coding sequence produce a developmental phenotype. The wooden leg (wol) allele of CRE1 (CRE1(T278I)) is one such case [10] . wol plants have a determinate root growth phenotype [9] [10] [11] , resulting from a reduced number of cell divisions in the procambium and abnormal differentiation of all vascular cells into protoxylem ( Figures 1A-1C ) [12] . The CRE1(T278I) gene product has an amino acid change in the putative extracellular, cytokinin binding region and lacks cytokinin binding activity.
We have screened for suppressors of the determinate root growth habit of wol ( Figure 1A ) (see the Supplemental Experimental Procedures available with this article online) and identified 13 intragenic suppressors (Table  S1 in the Supplemental Data). Five of these lines originated from the introduction of either a new splice site or a stop codon in frame with the CRE1 gene and were partially recessive to the wol allele (Table S1 ). Vascular organization of the five mutants homozygous for a putative truncated CRE1 gene product was essentially wild-type, with an axis of 4-5 xylem cell files and two phloem poles ( Figure 1D ), indicating that root vascular morphology of the wol mutant reverts to wild-type if the CRE1(T278I) gene is disrupted. Similarly, the vascular morphology of the cre1-2 ( Figure 1E ) and cre1-11 ( Figure S1 ) T-DNA insertion mutants appears normal [2, 13] . Moreover, cre1-2 and cre1-11 are partially recessive to the wol allele (Table S1 ). Thus, wol is not a lossof-function mutation, as originally suggested because of the recessive nature of the mutation. Instead, wol exerts a dose-dependent negative activity on vascular cell proliferation during root development, and the various nonsense suppressor mutations we identified eliminate this negative activity.
Cytokinin Responsiveness of Cytokinin-Receptor and wol-Suppressor Mutants To examine the negative activity conferred on plants by the wol allele, we tested root phenotypes of mutants lacking one, two, or three CRE-family genes. Neither single nor double mutants displayed determinate root growth or an altered number of vascular cell files (Figure S1 ). However, similar to the wol seedlings, seedlings lacking all three CRE-family genes showed determinate root growth and had fewer root vascular cell files that consisted entirely of protoxylem [3, 9, 14] (Figure 1F ; also Figure S1 ). These results indicate that CRE1, AHK2, and AHK3 are mutually necessary and sufficient for normal procambial-cell proliferation and differentiation.
The functional redundancy of CRE-family genes corroborates the overlapping expression patterns of these three genes in the root tip. Reporter-gene expression under the control of regulatory sequences from CREfamily genes demonstrated that, in the root tips, CRE1 is expressed in the central cylinder, AHK2 in and near the vascular initial cells, and AHK3 in a broader region in root tips, with strongest expression in the procambium ( Figures S2A-S2D ) [3] . These patterns were consistent with the in situ RNA hybridization of root tissue probed with CRE1 [10] or AHK3 ( Figure S2O ). CRE-family genes were also expressed within the shoot vasculature and shoot apical meristem ( Figures S2E-S2N ). This agreed with the finding that the cre1 ahk2 ahk3 triple mutant had a reduced number of cell files in the vasculature of aerial portions ( Figures S3A and S3B) . These results, together with the report that cytokinin depletion in the procambium by a cytokinin oxidase caused a wol-like vasculature [9] , indicated that cytokinins are required for promoting procambial cell divisions and preventing procambial cells from differentiating into protoxylem cells. Therefore, the negative activity of the wol allele should produce a phenotype in tissues where CRE1 is expressed to a greater extent than the other cytokinin receptor genes. Indeed, CRE1 (or CRE1(T278I)) is expressed more strongly than AHK2 or AHK3 in the root procambium ( Figures S2A-S2C) , and the phenotype of wol mutants is evident in the root procambium-derived vasculature ( Figure 1C) .
The cytokinin-inducible gene expression of ARR15, in the root procambium, is CRE1 dependent [15] . To examine whether wol inhibits cytokinin responses, we examined ARR15 transcript levels in root tips of cytokinintreated plants. ARR15 levels decreased in the order wild-type > cre1-2 > wol, indicating that cytokinin responsiveness of the wol mutant was diminished in comparison to cre1 null alleles ( Figure 1G ). Cytokinin responsiveness of the wol allele was enhanced in wol suppressor mutants, both in the induction of ARR15 (wol-sup9 and wol-sup10) ( Figure 1G ) and in a physiological response, inhibition of adventitious root formation (wol-sup10) ( Figure S4 ). Taken together, these data suggest that CRE1(T278I) has a negative activity on cytokinin signaling initiated by the cytokinin receptors AHK2 and AHK3. This negative activity mediates inhibition of vascular-cell proliferation and promotion of ectopic protoxylem differentiation and leads to the wol phenotype.
In Vitro Kinase and Phosphatase Activities of CRE1 Because the wol mutation has previously been shown to eliminate the cytokinin binding activity of CRE1 [8] , the negative role of CRE1(T278I) on vascular development may result from locking the CRE1 gene product into a ''cytokinin-unbound'' form. Furthermore, previous studies have revealed that some bacterial histidine kinases possess both kinase activity, which initiates autophosphorylation and transfer of the phosphate to its target, and phosphatase activity, which dephosphorylates that same target [16] . In these cases, a phosphoryl group is bidirectionally transferred between conserved phospho-accepting His and Asp residues. We therefore chose to explore whether phosphatase activity was responsible for the negative activity of CRE1(T278I). To test this hypothesis, we assayed the kinase and phosphatase activities of both wild-type and mutant forms of CRE1 in vitro.
First, we assessed the kinase activity. Because CRE1 is predicted to be a membrane-spanning protein with an extracellular cytokinin binding domain and intracellular histidine kinase (transmitter) and receiver domains, we utilized the membrane fraction of an insect cell line expressing CRE1. When CRE1 and an HPt protein (YPD1, AHP1, AHP2, AHP3, or AHP5) were incubated in the presence of of the HPt protein. Instead, CRE1 was phosphorylated in a cytokinin-dependent manner (Figure 2A ), indicating that phosphotransfer from ATP to His459 of CRE1 depends on cytokinins and that phosphotransfer from CRE1 to an HPt requires Asp973. CRE1(T278I), a variant lacking cytokinin binding activity [8] , had trace kinase activity in the absence of cytokinin, and this activity was only slightly enhanced by cytokinin ( Figure 2A) .
Next, we examined the phosphatase activity of CRE1. When AHP1 (Figure 2C ), AHP2, AHP3, or AHP5 ( Figure S6 ) carrying a 32 [P]-phosphoryl group was incubated with CRE1, the radioactivity of each AHP decreased, and CRE1 was transiently phosphorylated. This phosphatase activity did not appear to be affected by cytokinins ( Figure S6 ). The D973N mutation of CRE1 completely abolished phosphatase activity, whereas the H459Q mutation slightly decreased the activity ( Figure 2C ). Phosphatase activity of CRE1(T278I) was similar to that of wild-type CRE1 ( Figure 2C) , and again the additional mutation H459Q partially decreased, whereas D973N completely abolished, the phosphatase activity of CRE1(T278I) ( Figure S7) . Similarly, the conserved His residue of the bacterial osmosensing histidine kinase EnvZ was not essential for phosphatase activity on its cognate response regulator [17, 18] . The transient phosphorylation of CRE1, coupled with the requirement of Asp973 for the phosphatase reaction, suggests that the main direction of phosphoflow occurred from the conserved His of AHP1 to the conserved Asp973 of the CRE1 receiver domain, and then to water ( Figure 2D ).
Kinase and Phosphatase Activities of CRE1 in Yeast
We also examined the kinase and phosphatase activities of CRE1 in a yeast system. Budding yeast requires the phosphorelay SLN1 (HK) / YPD1 (HPt) / SSK1 (RR) for survival [19, 20] . The sln1D mutation (sln1 disruptant) is lethal to yeast because of a lack of this phosphoflow. CRE1 suppresses sln1D only in the presence of cytokinins, indicating that CRE1 is activated by cytokinins ( Figure 2E ) [13] . In the present study, the conserved phospho-accepting residue His459 of CRE1 was necessary to rescue sln1D yeast, whereas the conserved Asp973 was not ( Figure 2E) . In a previous report, in which CRE1 mutants were expressed under a weaker promoter [13] , both His459 and Asp973 appeared necessary to suppress the lethality of sln1D. These different results are likely due to the different expression levels of CRE1(D973N) (see legend of Figure S8 ).
If CRE1 exerts phosphatase activity on YPD1, wildtype yeast expressing CRE1 should be nonviable in the the absence of cytokinin. Indeed, SLN1 + [CRE1] yeast grew only in the presence of cytokinin ( Figure 2E ). The yeast response regulator SSK1 was required for this negative effect, confirming that the negative activity was caused by interference of CRE1 with the endogenous yeast His-Asp phosphorelay ( Figure S9 ).
Similar to the in vitro results, Asp973 was indispensable for the negative activity of CRE1 in SLN1 + yeast ( Figure 2E ). The H459Q mutation partially eliminated the negative activity ( Figure 2E ). The transgenic yeast did grow, albeit more slowly than the SLN1 + [CRE1(D973N)] yeast. Furthermore, the growth was not affected by the presence of cytokinin. The partial negative activity of CRE1(H459Q) agreed with the partial effect of the H459Q mutation on CRE1 phosphatase activity in vitro ( Figures 2C and 2E) .
If the T278I mutation locks CRE1 into a ''cytokininunbound'' form, wild-type yeast expressing CRE1(T278I) should be nonviable regardless of the presence or absence of cytokinin. Consistent with this hypothesis, CRE1(T278I) severely inhibited the growth of SLN1 + yeast both in the presence and absence of cytokinin, and this negative effect required SSK1 ( Figure 2E; Figure S9 ). Because CRE1(T278I, H459Q, D973N) did not inhibit yeast growth ( Figure 2E ), this negative activity must depend on phosphotransfer from YPD1 to CRE1(T278I). Similarly, CRE1(T278I, H459Q, D973N) lacked phosphatase activity in vitro ( Figure S7 ). Taken together, these results suggest that CRE1(T278I) is indeed locked in a form that has little kinase activity, yet constitutive phosphatase activity.
We next sought to identify mutants specifically affecting the kinase activity of CRE1. It was reported that the F390L mutation of the E. coli osmosensor EnvZ destroys kinase activity without affecting phosphatase activity [21] . The corresponding Phe685 is conserved in CRE1. When Phe685 was replaced with Leu, the kinase activity of CRE1 was lost, whereas the phosphatase activity was retained in vitro (Figures 2A and 2C) . Next, we examined the activity of CRE1(F685L) in yeast. As expected, CRE1(F685L) was unable to suppress the lethality of sln1D. Similarly, CRE1(F685L) inhibited growth of SLN1 + yeast in the absence of cytokinin ( Figure 2E ), but not in the presence of cytokinin. The latter result was unexpected because cytokinins did not seem to affect CRE1(F685L) in vitro phosphatase activity. Perhaps the yeast system is more sensitive than the in vitro system at detecting subtle changes in phosphatase activity.
In Planta Roles of Kinase and Phosphatase Activities of CRE1
The CRE1 gene carrying selected point mutations was expressed under its native promoter in a CRE1 loss-offunction background, cre1-2 [13] . As expected, P CRE1 :: CRE1-HA in the cre1-2 background conferred a phenotype indistinguishable from that of the wild-type (data not shown). Although plants carrying P CRE1 ::CRE1(T278I)-HA expressed less CRE1 protein than plants carrying P CRE1 ::CRE1 (T278I, H459Q, D973N)-HA (Figure 3C ), only the former plants exhibited a wol-like root vasculature ( Figures 3A and 3B) . Similar to the results observed with P CRE1 ::CRE1(T278I), P CRE1 ::CRE1(F685L), which lacks kinase activity but has phosphatase activity, resulted in wol-like roots ( Figure 3F ). To examine the individual roles of His459 and Asp973 on the negative activity of CRE1(T278I) in root vascular development, we compared root phenotypes of several independent T1 transformants expressing various cre1 mutant combinations. The number of wol-like roots (determinate growth)/ total number of plants examined was as follows: P CRE1 :: CRE1(T278I)-HA, 20/24; P CRE1 ::CRE1(T278I, H459Q)-HA, 5/12; P CRE1 ::CRE1(T278I, D973N)-HA, 0/13; and P CRE1 ::CRE1(T278I, H459Q, D973N)-HA, 0/19. P CRE1 :: CRE1(T278I, H459Q)-HA plants exhibiting a determinate root phenotype also displayed wol-like vasculature ( Figure 3D ). In contrast, P CRE1 ::CRE1(T278I, D973N)-HA plants had neither a determinate-root phenotype nor wol-like vasculature, even when expressed at a very high level (Figures 3C and 3E) . These results demonstrate that the negative activity of CRE1(T278I) on root vascular development requires Asp973. Consistent with the in vitro and yeast work, His459 had only a minor effect on the negative activity of CRE1(T278I) in planta, as indicated by the lower ratio of plants expressing the determinate root phenotype in P CRE1 ::CRE1(T278I, H459Q)-HA (5/12) compared to P CRE1 ::CRE1(T278I)-HA (20/24) . This data supports a model in which the phosphoryl group is mainly transferred from HPts to Asp973 of CRE1(T278I), and then to water ( Figure 2D) .
We examined the effects of these CRE1 mutations on the cytokinin-inducible expression of ARR15. P CRE1 :: CRE1(T278I) suppressed cytokinin-inducible ARR15 expression in cre1-2 ( Figure 3I, lanes 3 and 4 versus lanes  8 and 9) . Similarly, P CRE1 ::CRE1(F685L) also suppressed the cytokinin-responsive expression of ARR15 in cre1-2 ( Figure 3I, lane 4 versus lanes 9 and 12) . Conversely, P CRE1 ::CRE1(T278I, H459Q, D973N) had no effect on ARR15 expression ( Figure 3I, lanes 3 and 4 versus lanes  10 and 11) . Thus, the phenotypic effects of CRE1 variants on root vascular formation and cytokinin responsiveness agreed.
We next examined ectopic expression of CRE1(T278I) under the constitutive CaMV35S promoter. The wol mutant carrying a wol overexpression construct (P CaMV35S :: CRE1(T278I)) lacked cytokinin responses in both callusformation ( Figure 3J and Figure S11 ) and adventitiousroot-formation assays ( Figure S4 ), had a smaller shoot apical meristem (data not shown), displayed a reduced number of cell files in the leaf petiole vasculature ( Figure  S3J ), and exhibited very retarded growth ( Figure S10) . Thus, ectopic expression of the phosphatase-locked form of CRE1 (CRE1(T278I)), in the wol mutant background, phenocopies the cre1 ahk2 ahk3 triple mutant [2] .
Activity of AHK2 and AHK3 in Yeast and Effect of P CRE1 ::AHK2 in Arabidopsis We also examined the effect of the other CRE-family cytokinin receptors, AHK2 and AHK3, on the growth of sln1D and SLN1 + yeast strains ( Figure S12 ). The sln1D strain carrying either AHK2 or AHK3 grew in the absence of cytokinins, but growth was accelerated in the presence of cytokinins. These results agree with a previous report, in which AHK3 kinase activity was stimulated by cytokinins in Escherichia coli [8, 22] . Neither AHK2 nor AHK3 had a negative effect on the growth of wildtype yeast, whether or not cytokinins were present. This indicates that unlike CRE1, AHK2 and AHK3 have either no or low phosphatase activity in the yeast assay or that the phosphatase activity is overcome by kinase activity in the absence of cytokinins.
We then tested whether ectopic expression of AHK2 in the root procambium increased cytokinin sensitivity or responsiveness. ARR15 expression was indeed elevated in cre1-2 root tips expressing P CRE1 ::AHK2 in the absence of applied cytokinin ( Figure 3I , lane 3 versus lane 13), indicating that the transformant was hyperresponsive to endogenous cytokinins. P CRE1 ::AHK2 in cre1-2 also exhibited increased sensitivity to cytokinins in callus-formation assays ( Figure 3J ; Figure S11 ). In the root vasculature, cytokinins are required for periclinal cell divisions that increase the number of vascular cell files [9] . Accordingly, additional proliferation of vascular cell files occurred in P CRE1 ::AHK2 when cells were grown on a concentration of cytokinin that had no affect on cell proliferation in the wild-type ( Figures 3G and 3H ). These data indicate that cytokinin sensitivity in the procambium is heightened by AHK2 overexpression. The phenotypic effects of AHK2 overexpression in a cre1 mutant background may be the result of a favored kinase over phosphatase activity for AHK2.
A Model for a Bidirectional Phosphorelay in Plants
The Arabidopsis genome encodes three cytokinin receptor histidine kinases (CRE1, AHK2, and AHK3), one putative osmosensing HK (AtHK1 [23] ), one HK (CKI1) required for megagametogenesis [24] , and one HK with unknown functions (CKI2). Downstream elements include five HPt proteins (AHPs) and 23 ARRs (reviewed in [6] ). Cytokinin receptors feed phosphate to AHPs in the presence of cytokinin, and the non-cytokinin receptor HKs may feed phosphate to AHPs in response to unknown signals (for a model, see Figure 4 ). From the AHPs, the phosphoryl group is transferred to ARRs, which govern downstream responses. AHPs likely function as integrators of phosphorelay-mediated signaling initiated by HKs. For example, phosphotransfer occurs from either CRE1 or CKI1 to any of the AHPs tested (AHP1, 2, 3, and 5; Figure 2B ; Figure S13 ), interactions among these three protein families appear to be nonspecific [25, 26] , and all three non-cytokinin receptor HKs suppress sln1 lethality in yeast, indicating they have HK activity (AtHK1 [23] , CKI1 and CKI2 [ Figure S14] ). Furthermore, CRE1 could remove phosphate from any of the tested AHPs ( Figure 2C ; Figure S6 ). , wol. 7, P CRE1 ::CRE1-HA. 8 and 9, P CRE1 :: CRE1(T278I). 10 and 11, P CRE1 ::CRE1(T278I, H459Q, D973N)-HA. 12, P CRE1 ::CRE1(F685L). 13, P CRE1 ::AHK2. The genetic background of plants in columns 7-13 is cre1-2. Expression levels are presented as relative values compared to the mean value of column 1 (WT Col without cytokinin). Vertical error bars represent standard deviations. (J) Callus induction from hypocotyl segments. From top to bottom, WT Col, cre1-2, wol, cre1-2 carrying P CRE1 ::CRE1-HA, cre1-2 carrying P CRE1 :: AHK2, and wol carrying P CaMV35S :: CRE1(T278I). Hypocotyl sections were cultured in the presence of 30 ng/ml of 2,4-dichlorophenoxyacetic acid (an auxin) plus various concentrations of kinetin (a cytokinin).
It remains to be seen whether other HKs have similar phosphatase activities on AHPs. Our in vitro and in yeast studies indicate that CRE1 phosphatase activity occurs in the absence of cytokinin, whereas CRE1 kinase activity occurs in the presence of cytokinin. Our in yeast and in planta studies indicate that the balance between kinase and phosphatase activities at a given cytokinin level may differ among the cytokinin receptors. Therefore, tissues expressing different levels of the CREfamily cytokinin receptors and non-cytokinin receptor histidine kinases in plants would have distinct cytokinin dose-response relationships, allowing great diversity in cytokinin responses. In the absence of cytokinins, CRE1 acts as a phosphatase on the phosphorelay network. In this situation, the phosphoryl group is likely transferred from an AHP to CRE1, then irreversibly to water. Similarly, it is possible that other histidine kinases have phosphatase activity, although this has not been experimentally demonstrated. Thus, the phospho-load of the network may be under positive and negative regulation by cytokinins and possibly additional, unknown signals.
